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To generate an understanding of the physiological significance of MR images of Non-Thermal Irreversible 
Electroporation (NTIRE) we compared the following MR imaging sequences: T1W, T2W, PD, GE, and T2 
SPAIR acquired after NTIRE treatment in a rodent liver model. The parameters that were studied included 
the presence or absence of a Gd-based contrast agent, and in vivo and ex-vivo NTIRE treatments in the same 
liver. NTIRE is a new minimally invasive tissue ablation modality in which pulsed electric fields cause 
molecularly selective cell death while, the extracellular matrix and large blood vessels remain patent. This 
attribute of NTIRE is of major clinical importance as it allows treatment of undesirable tissues near critical 
blood vessels. The presented study results suggest that MR images acquired following NTIRE treatment are 
all directly related to the unique pattern of blood flow after NTIRE treatment and are not produced in the 
absence of blood flow. 



Non-thermal irreversible electroporation (NTIRE) is a new minimally invasive tissue ablation modality in 
which high strength, nanosecond to millisecond long pulsed electric fields are delivered across the cell to 
produce nanoscale defects in the cell membrane and thereby cause cell death 14 . An important attribute of 
this technique is its ability to selectively ablate the tissue cells while leaving the extracellular matrix intact 5 . This 
selectivity is of significant advantage when treating tumors in the vicinity of important physiological structures, 
such as blood vessels and ducts 6 , which remain mechanically and morphologically intact after NTIRE. 

The application of medical imaging for monitoring minimally invasive tissue ablation was introduced first in 
the early 1980's for cryosurgery 7 ' 8 . The application of medical imaging for obtaining maximum treatment efficacy 
with minimum damage to surrounding normal tissue remains of great importance for any ablation technology. 
Therefore we attempted medical imaging of NTIRE treated tissues already in the first large animal study in the 
field using ultrasound 5 . A markedly hypoechoic lesion was seen on ultrasound in the expected location of the 
NTIRE treatment, immediately following the application of the electric pulses to a pig liver 5 . At 24 hours, the 
hypoechoic ultrasound appearance of the lesion has turned into hyperechoic 5 . We found that the hypoechoic 
lesion seen on ultrasound immediately after NTIRE was in good agreement with the region of ablated tissue 
measured from histology and with predictions from mathematical modeling 5 . Lee et al. 9 , reported similar obser- 
vations on ultrasound imaging of NTIRE and correlation with histology. Appelbaum et al 10 , have performed a 
comprehensive study on ultrasound imaging of IRE in the pig liver and the utility of ultrasound measurements in 
the accurate assessment of ablations margins. They found that immediately following NTIRE the treated zone 
appeared hypoechoic with well-demarcated margins. During the next 8-15 minutes, this zone decreased in size 
and became progressively more isoechoic. A peripheral hyperechoic rim surrounding the isoechoic zone 
developed 25-90 minutes after IRE. The final dimensions of the outer margin of this rim provided the greatest 
accuracy and tightest correlation with gross pathologic findings. Ed et al 11 reported similar observations in NTIRE 
of the rat liver. 

Thomson's group 612 reported from clinical experience that ultrasound visualization can be difficult, since no 
reliable differentiation of the entity before IRE/ablation therapy nor afterwards is possible, and therefore, com- 
puted tomography (CT) was used for image guidance. Other groups also reported that the lesion produced by 
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Figure 1 | Placement of NTIRE holder and liver electrodes: (A) 25 G stainless steel needle electrodes inserted 5 mm apart, (B) 5 X 6 mm stainless steel 
plate electrodes placed parallel across a liver lobe. Arrows. 



NTIRE could be imaged with CT 1314 . A recent study by Lee et al 15 
studied the acute CT characteristics of the ablation zone created by 
IRE and the correlation with histopathology. To this end CT images 
of NTIRE treated porcine liver were analyzed using three-dimen- 
sional software, and the size of the ablation zone calculated from 
the portal contrast-enhanced CT scans correlated well with the his- 
topathologically determined size and shape. The appearance of the 
NTIRE lesion on CT was isodense pre- contrast and hypodense to 
liver post- contrast, with best delineation in the portal phase. In gen- 
eral, on histopathology, IRE ablation zones showed preserved micro - 
vasculature with congestion of sinusoids. 

The group of Lee 13 , showed that MRI, CT, and ultrasound depict 
NTIRE treatment effects. Recently, a thorough study by the group of 
Larson, on the use of MRI for imaging NTIRE in the liver of a rodent 
animal model was published 1617 . Using MR- compatible electrodes, 
the IRE procedure was scanned with Tl -weighted (T1W) and T2- 
weighted (T2W) MRI acquired before and immediately after applica- 
tion of the IRE pulses. MR images were compared with both finite 
element modeling (FEM) anticipated ablation zones and histologi- 
cally confirmed ablation zones at necropsy. MR images provided 
immediate depiction of IRE ablation zones that were hypointense 
on Tl -weighted images and hyperintense on T2-weighted images. 
MR imaging-based measurements demonstrated excellent consist- 
ency with FEM-anticipated ablation zones (for both Tl- and T2- 
weighted images). The MR imaging measurements were also highly 
correlated with histologically confirmed ablation zone measure- 
ments. In a contrast- enhanced MRI study of the rodent liver, IRE 
was monitored with conventional Tl -weighted gradient- recalled 
echo (GRE) and inversion recovery (IR) -prepared GRE methods to 
quantitatively measure the size of irreversible electroporation. The 
analysis showed that necrotic areas measured on the pathology 
images were well correlated with the hyperintense regions measured 
on Tl -weighted GRE images and normal tissue-nulled IR images, 
that could be used for qualitative differentiation of the reversible 
penumbra 1617 . The group of Wendler showed inhomogeneous IRE 
ablation areas in different MRI sequences of pig's kidney, whereas 
others studies observed homogenous texture in CT scans of ablation 
area immediately and 7 days after IRE 18,19 . Wendler et al demon- 
strated that MRI provides better monitoring of the IRE ablation 



zones than CT scans due to the higher soft tissue contrast, especially 
when using selective partial inversion recovery (SPIR) T2-weighted 
MR images with fat suppression 18 . 

As evident from the papers discussed above, most of the research 
in medical imaging of NTIRE is of clinical radiology nature and is 
focused on finding correlations between the images and the extent of 
the NTIRE-ablated tissue. Yet, defining the clinical border of IRE 
may be challenging due to a time dependent and currently unpre- 
dictable course between reversible and irreversible electroporation of 
the peri-focal zone. Post-treatment inflammation can also prevent 
radiological determination of the electroporation treatment margin. 
The purpose of the presented study was to seek a physiological inter- 
pretation of the MR images of NTIRE, rather than a correlation 
between the image and the extent of tissue damage. We decided to 
study the liver, for which the majority of the imaging of NTIRE 
studies was performed. To develop a fundamental understanding 
of the physiological significance of the MR images, we compared 
various MR imaging sequences acquired after NTIRE treatment in 
a rodent liver model. The images were studied pre and post contrast 
and following in vivo and ex-vivo NTIRE treatments in the same 
liver. 



Results 

The following MRI sequences were used in this study: T1W, T2W, 
PD, GRE and fat suppression sequences T2 Spectral Adiabatic 
Inversion Recovery (SPAIR). A listing of the MRI sequence para- 
meters used is given in Table 1. The T1W image contrast depends on 
the spin longitudinal relaxation after RF excitation. Administration 
of gadolinium-based contrast agents enhances tissue image contrast 
by shortening Tl tissue relaxation times thus producing a stronger 
signal. In T2W imaging, the image contrast depends on spin trans- 
versal relaxation. Therefore tissues with a longer relaxation time, for 
instance water, produce a stronger signal. PD MR imaging sequences 
are usually used to depict pathology in a similar way to T2W. In a GE 
sequence, the data are sampled during a gradient echo which is one of 
the advantages of this sequence, allowing better sensitivity to subtle 
hemorrhages. When using GE imaging sequences, hemorrhages are 
seen as hypointense regions. 
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Table 1 | MRI sequences and data acquisition parameters 



Sequence 


TR/TE ms 


NSA (NEX) 


Flip angle 


ACQ Matrix 


ACQ Voxel size 


REC voxel size 


BWHz 


T1WFSE 


450/22 


4 


90° 


268/199 


0.30/0.40/2 mm 


0.16/0.16/2 mm 


152.1 


T2W FSE 


2830/100 


6 


90° 


272/214 


0.29/0.37/2 mm 


0.16/0.16/2 mm 


142.8 


PDW FSE 


3500/30 


4 


90° 


268/198 


0.30/0.40/2 mm 


0.2/0.2/2 mm 


240.3 


T2W GE 


450/12 


2 


30° 


192/153 


0.42/0.52/2 mm 


0.19/0.19/2 mm 


67.2 


T2 SPAIR 


3153.7/70 


4 


90° 


256/205 


0.31/0.39/2 mm 


0.16/0.16/2 mm 


176 



NSA: Number of Signal Averaging; FSE: Fast Spin Echo, GE: Gradient Echo, BW: Band Width. 



Electroporation effects in MR images 

• Electroporation effects in Tl WMR images: Figure 2, shows typical 
images obtained with the Tl W imaging sequence. Figures 2 A and 
2B show images of NTIRE in vivo treated tissues with 1000 V and 
1500 V respectively (Group 1 and Group 2). In these images Gd- 
DOTA was injected about 2 minutes prior to the NTIRE in vivo 
treatment and the images were acquired immediately after the 
treatment. Figures 2A and 2B show a hyperintense signal in the 
treated regions (arrows). 

Figure 2C illustrates the typical appearance of liver treated by 
NTIRE in vivo 1000 V when no contrast agent was injected prior 
to the treatment (Group 4). All T1W MR images acquired imme- 
diately post NTIRE treatment in vivo without contrast injection, 
showed in the treated region isointense signals with occasional 
hypointense signals (arrows). 

Figure 2D illustrates the MRI appearance of a liver treated with 
NTIRE in vivo 1500 V when contrast was injected 20 minutes 
after the NTIRE treatment and the image was acquired immedi- 
ately after the contrast injection (Group 3). Interestingly, unlike 
Figures 2A, 2B and 2C, Figure 2D shows in the NTIRE treated 
volume mixed hypointense and hyperintense regions. 
The images in Figures 2E and 2F were obtained with T1W 
sequences after livers treated in vivo were removed and then 
treated ex vivo with the same NTIRE parameters as in vivo 
(Group 1 and Group 2). The figures are typical to all the various 
protocols tested. Figure 2E was obtained for a NTIRE protocol 
using 1000 V and Figure 2F using 1500 V. The most striking 
observation is that while the tissues treated in vivo retained a 
hyperintense signal when imaged ex-vivo more than 20 minutes 
after the in vivo NTIRE treatment (arrows), the tissues treated ex 
vivo showed an isointense signal (arrow heads). 

• Electroporation effects in T2WMR images: Figure 3, shows typical 
images obtained with a T2W imaging sequence. Figures 3A and 
3B show T2W MR images of NTIRE in vivo treated tissues with 
1000 V and 1500 V respectively (Group 1 and Group 2). Gd- 
DOTA was injected about 2 minutes prior to the NTIRE in vivo 
treatment and the images were acquired immediately after the 
treatment. Figure 3C illustrates the typical appearance of liver 
treated with NTIRE in vivo 1000 V when no contrast was injected 
prior to the treatment (Group 4). Figure 3D illustrates the MRI 
appearance of a liver treated with NTIRE in vivo 1 500 V when the 
contrast agent was injected 20 minutes after the NTIRE treatment 
and the image was acquired immediately after the contrast injec- 
tion (Group 3). In all the figures that depict T2W images of tissues 
treated in vivo the treated volumes show a hyperintense signal. 
The images in Figures 3E and 3F were obtained with T2W 
sequences after livers treated in vivo were removed and then 
treated ex vivo with the same NTIRE parameters as in vivo. The 
figures are typical to all the various protocols tested. Figure 3E was 
obtained for a NTIRE protocol using 1000 V and Figure 3F using 
1500 V (Group 1 and Group 2, respectively). It is interesting that 
while the tissues treated in vivo retained a hyperintense signature 
(arrows) more than 20 minutes after the NTIRE in vivo treatment 




Figure 2 | T1W images taken at: (A) Group 1 step d, (B) Group 2 step d, 
(C) Group 4 step d, (D) Group 3 step e, (E) Group 1 step g, (F) Group 2 
step g. Areas treated with plate electrodes (Dotted yellow arrows), zones 
treated with needle electrodes (white arrows). Tissues treated in vivo 
(arrows) and those treated ex vivo (arrowheads). 



SCIENTIFIC REPORTS | 3 : 3088 | DOI: 1 0.1 038/srep03088 



3 





Figure 3 | T2W images taken at: (A) Group 1 step d, (B) Group 2 step d, 
(C) Group 4 step d, (D) Group 3 step e, (E) Group 1 step g, (F) Group 2 
step g. Areas treated with plate electrodes (Dotted yellow arrows), zones 
treated with needle electrodes (white arrows). Tissues treated in vivo 
(arrows) and those treated ex vivo (arrowheads). 

and after trauma from excising the liver, the tissues treated ex vivo 
appear isointense (arrow heads). 
• Electroporation effects in PD MR images: Figure 4, shows typical 
images obtained with a PD imaging sequence. Figures 4A and 4B 
show images of in vivo NTIRE treated tissues with 1000 V and 
1500 V respectively (Group 1 and Group 2, respectively). The 
images in Figures 4C and 4D were obtained with PD sequences 
after livers treated in vivo were removed and then treated ex vivo 
with the same NTIRE parameters as in vivo. Figure 4C was 
obtained for a NTIRE protocol using 1000 V and Figure 4D using 
1500 V (Group 1 and Group 2, respectively). Figures 4A and 4B 
of PD MR images show a hyperintense signal from the in vivo 
treated regions of tissue. Similarly, a hyperintense signal can be 
seen from the in vivo NTIRE treated tissues, when scanned ex vivo 
(4C and 4D). In contrast, NTIRE tissues treated ex vivo with the 




Figure 4 | PD images taken at: (A) Group 1 step d, (B) Group 2 step d, 
(C) Group 1 step g, (D) Group 2 step g. Areas treated with plate electrodes 
(Dotted yellow arrows), zones treated with needle electrodes (white 
arrows). Tissues treated in vivo (arrows) and those treated ex vivo 
(arrowheads). 

same parameters as in vivo show isointense signal (arrowheads in 
Figures 4C and 4D). 

• Electroporation effects in GE MR images: Figure 5, shows typical 
images obtained using a GE imaging sequence. Figures 5 A and 5B 
show images of NTIRE in vivo treated tissues with 1000 V and 
1500 V respectively (Group 1 and Group 2, respectively). The 
images in Figures 5C and 5D were obtained with GE sequences 
after livers treated in vivo were removed and then treated ex vivo 
with the same NTIRE parameters as in vivo. Figure 5C was 
obtained for a NTIRE protocol using 1000 V and Figure 5D using 
1500 V (Group 1 and Group 2, respectively). GE images of in vivo 
treatment, Figures 5A and 5B, show mixed signals in the treated 
zones including hypointense signals indicating acute hemor- 
rhages surrounded by hyperintense signals indicating accumula- 
tion of fluid. A similar combination of hyperintense and 
hypointense signals can be seen from the same zones scanned 
ex vivo, Figures 5C and 5D. However, regions treated with 
NTIRE ex vivo, with the same parameter as those used in vivo, 
are isointense (arrow heads). 

• Electroporation effects in T2 SPAIR MR images: Figure 6, shows 
typical images obtained with a T2 SPAIR sequence. Figures 6A and 
6B show images of NTIRE in vivo treated tissues with 1000 V and 
1500 V respectively (Group 1 and Group 2). The images in 
Figures 6C and 6D were obtained after livers treated in vivo were 
removed and then treated ex vivo with the same NTIRE parameters 
as in vivo (Group 1 and Group 2, respectively). Figure 6C was 
obtained for a NTIRE protocol using 1000 V and Figure 6D using 
1500 V. SPAIR images shows increased signals only from the in 
vivo treated volumes, in agreement with the previous sequences. 

In addition to the observations listed above, we have also calculated 
the volumes of the treated tissues with various electroporation 
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Figure 5 | GRE images taken at: (A) Group 1 step d, (B) Group 2 step d, 
(C) Group 1 step g, (D) Group 2 step g. Areas treated with plate electrodes 
(Dotted yellow arrows), zones treated with needle electrodes (white 
arrows). Tissues treated in vivo (arrows) and those treated ex vivo 
(arrowheads). 



parameters as calculated from the various imaging sequences. The 
volumes of the treated tissues as calculated from the T1W, T2W and 
PD MR images are given in Table 3. 

Electroporation effects in histological samples. Figure 7, shows 
typical images of H&E stained tissues treated with NTIRE in vivo 
in comparison with similar NTIRE treatments ex vivo. Figures 7 A 
and 7C were obtained for an in vivo NTIRE treated liver with needle 
electrodes and plate electrodes, respectively. They show that the 
nucleus of the cells (hepatocytes) in the treated region was 
pyknotic (dark and shriveled) and that red blood cells accumulated 
in the NTIRE treated region. Figures 7B and 7D were obtained for an 
ex-vivo NTIRE treated liver with needle electrodes and plate 
electrodes, respectively. The most striking difference in the 
histological appearance of in vivo NTIRE treated tissues 7A and 7C 
and ex-vivo NTIRE treated tissue 7B and 7D was the red blood cells 
accumulation. Focusing on the accumulation of the red blood cells 
we notice that the highest concentration was in the vicinity of major 
blood vessels that were not occluded (arrows in Figures 7A and 7C). 
In contrast, in ex-vivo NTIRE treated tissues there was no red blood 
cells accumulation near large blood vessels in the treated volume 
(arrow in Figure 7B). It is important to also note that the 
hepatocytes in the region adjacent to the large blood vessel were 
pyknotic, which indicates that the treatment has ablated the cells. 

Discussion 

MRI plays an important role in diagnostic imaging. It is also import- 
ant in treatment planning, monitoring and follow up of minimally 
invasive surgical techniques. While previous imaging studies of 
NTIRE focused on the clinically important correlation between the 
images acquired after NTIRE and the long-term outcome of the 
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Figure 6 | T2 SPAIR images taken at: (A) Group 1 step d, (B) Group 2 step 
d, (C) Group 1 step g, (D) Group 2 step g. Areas treated with plate 
electrodes (Dotted yellow arrows), zones treated with needle electrodes 
(white arrows). Tissues treated in vivo (arrows) and those treated ex vivo 
(arrowheads). 



procedure in terms of tissue ablation, the goal of this study was to 
generate a physiological interpretation of various MR imaging 
sequences acquired immediately following NTIRE. Below we 
evaluate the significance of each sequence separately and then discuss 
the significance in the context of histology. Briefly, our results suggest 
that changes in the enhancement observed in the MR images are a 
consequence of NTIRE induced changes in local blood flow such as 
increased accumulation of fluid, accumulation of red blood cells and 
retention or wash out of contrast agents due to particular patterns of 
the blood flow. Sersa et al reported a remarkable phenomenon of 
blood perfusion disruption with consecutive ischemia during in vivo 
electroporation, referred to as the vascular lock and explained as 
electrical vasoconstriction reflex or collapse by decreased intravas- 
cular pressure of afferent arterioles 20,21 . Other experimental studies of 
histological analysis after NTIRE of in vivo porcine liver demon- 
strated intact major vascular structures and necrotic small vessels 
with organized intraluminal fibrin thrombi in the ablated area within 
24 hours after NTIRE 1,5,13 . Wendler et al demonstrated NTIRE pulse 
synchrone concentric wavelike fluctuation of the diffusible contrast 
agent in DSA during NTIRE of the perfused ex vivo kidney and 



Table 2 


Rat treatment groups 




Group 




NITRE protocol 




Number 


n 


Voltage (V) 


Time of Contrast Injection 


1 


12 


A 1000 


2 minutes before NITRE 


2 


12 


B 1500 


2 minutes before NITRE 


3 


6 


B 1500 


20 minutes after NITRE 


4 


6 


B 1500 


No contrast 
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Table 3 Volumes in mm 3 of the NTIRE affected tissue as a function of electroporation parameters calculated from i 
various MR sequences. The average volume ± SD of the treated zones measured from Tl W, T2W, PDW, needle 
electrodes for both voltages used are presented 


mages acquired with 
electrodes and plate 


Voltage, V 


Tl , (NE) volume 
in mm 3 ± SD 


T2, (NE) volume 
mm 3 ± SD 


PD, (NE) volume 
mm 3 ± SD 


Tl , (PE) volume 
mm 3 ± SD 


T2, (PE) volume 
mm 3 ± SD 


PD, (PE) volume 
mm 3 ± SD 


1000 
1500 


384.8 ± 18.2 
660.1 ± 26.6 


373.2 ± 16.1 
681.7 ±47.1 


391.2 ±11.1 
708.2 ± 35.4 


608.2 ± 34.0 
1032.8 ± 26.0 


646.0 ± 38.4 
978.5 ± 46.2 


624.8 ± 33.6 
1026.5 ± 55.5 



excluded extravasation of non- diffusible barium X-ray contrast 
agent in mammography technique after NTIRE 22 . This subject was 
further studied by Markelc et al and Bellard et al 23,24 on the level of 
single normal and tumor blood vessels and by Guo et al 25 in the rabbit 
liver tumor. 

Figures 2A and 2B show a hyperintense signal from the NTIRE 
treated tissue, in MR images acquired immediately after the treatment. 
This observation is consistent with previous similar MRI studies 1617 . 

The long term survival animal studies have also shown that the 
hyperintense T1W signal correlates well with tissue ablation, 
suggesting that the enhanced contrast is related to the NTIRE 
induced opening of the cell membrane and small blood vessels (sinu- 
soids) rupture. This allows the contrast agent, injected prior to 
NTIRE, to be retained in the treated volume in a higher concentra- 
tion, while it is washed out from the untreated volume. This is sup- 
ported by Figure 2C, in which T1W images were acquired without a 
contrast agent, showing only a faint hypointense signal in the treated 
zone. Interestingly, unlike Figures 2 A, 2B and 2C, Figure 2D, for 
which the contrast agent was injected 20 minutes post in vivo 
NTIRE, shows mixed hypointense and hyperintense regions. This 
is consistent with the hypothesis that hyperintense signals are pro- 
duced by contrast agent in the treated volume where blood can reach. 
The explanation is also consistent with the histological data discussed 
in 511 , showing that in NTIRE in the liver, small blood vessels (sinu- 
soids) are damaged and occluded while large vessels remain intact 
and open. In fact, the patency of large blood vessels after NTIRE is the 
major advantage of NTIRE over other ablation methods. Figure 2D, 
can be explained similarly. The hypointense regions are those in 



which the small blood vessels have been destroyed and to which 
the contrast injected 20 minutes later had no access. The hyperin- 
tense regions represent the patent blood vessels within the 
NTIRE treated region through which blood carrying the contrast 
agent flows. To the best of our knowledge this is the first experi- 
mental examination with MR imaging of the hypothesis that after 
NTIRE, large blood vessels and ducts remain patent. It also suggests 
that later stage injection of contrast agents could be used to evaluate 
with T1W sequences the patency of blood vessels in the NTIRE 
treated volumes. 

Figures 2E and 2F show that in tissues treated with NTIRE ex vivo 
the signal is isointense. The fact that the regions treated in vivo 
retained hyperintense signals despite the traumas the livers have 
experienced following removal and further NTIRE treatment, serves 
as proof that the in vivo NTIRE treated region has trapped the con- 
trast agent, probably in the regions in which the small blood vessels 
have collapsed. This could be valuable in combining chemotherapy 
with NTIRE as discussed in 5 . Similarly to the contrast agent, thera- 
peutic agents injected prior to NTIRE would be trapped in the treated 
volumes and should continue to be effective after the NTIRE treat- 
ment. The damaged small blood vessels in the treated regions pre- 
vented the contrast agent washout. Therefore, T1W images using 
gadolinium-based contrast agents injected prior to in vivo NTIRE 
treatment depicting hyperintense regions represent volumes of tissue 
in which the small blood vessels have been destroyed and blood flow 
has ceased. T1W images with contrast injected after NTIRE may be 
used to provide evidence of the patency of large blood vessels or duct 
structures, reflected as hyperintense regions. 




Figure 7 | Histology with H&E staining of tissue treated with NTIRE with 1000 V with needle electrodes: (A) in vivo (B) ex vivo and tissue treated with 
1500 V with plate electrodes: (C) in vivo (D) ex vivo. (X 10). 



SCIENTIFIC REPORTS | 3 : 3088 | DOI: 1 0.1 038/srep03088 



In Figures 3 A and 3B that depict T2W images taken immediately 
after NTIRE in vivo, the treated volumes show a bright signature. The 
hyperintense signal is generated from accumulation of fluid, consist- 
ent with edema, and is not significantly affected by Gd-based contrast 
agents. A comparison of Figs. 2C and 3C, that were acquired without 
contrast agent injection, is particularly interesting. In Figure 2C, 
which was acquired using a T1W sequence, there is no signal from 
the treated volume in the absence of Gd-DOTA. In contrast, in 
Fig. 3C, which was acquired with a T2W sequence that depicts accu- 
mulation of fluid, there is a hyperintense signal in the treated region 
even in the absence of the contrast agent. This is consistent with both 
the nature of T1W and T2W MR sequences imaging and the physio- 
logical phenomena which were observed after NTIRE 511 , i.e. accu- 
mulation of fluid and red blood cells in the treated volume. There is 
no such signal for ex vivo treated tissues, as expected. Figure 3D 
shows heterogeneous signal with mixed hyperintense and hypoin- 
tense regions in the in vivo NTIRE treated zone acquired 20 minutes 
after the treatment. This could be also explained by the mechanism of 
blood flow and the patency of large blood vessels. The image is 
actually qualitatively similar to Figure 2D. 

Figures 3F and 3E show that the tissues treated in vivo produce 
hyperintense signals (arrows) more than 20 minutes after the NTIRE 
in vivo treatment and after trauma from excising the liver. In con- 
trast, the tissues treated ex vivo appear isointense (arrow heads). The 
fact that the regions treated in vivo retain some hyperintense signals 
ex vivo, suggests that accumulation of fluid in the NTIRE treated 
region remains, at least for a short period after the removal of the 
liver and in some parts of the treated volume. It is interesting to note 
that the regions treated ex vivo, produce no signal change in T2W 
sequence MR images. It should be emphasized that the ex vivo 
NTIRE treatment and imaging occurred within several minutes from 
removal of the liver which is not sufficient for substantial physio- 
logical and metabolic changes. The only major change and imme- 
diate physiological change is cessation of blood flow. This suggests 
that the T2W images of NTIRE are related to physiological changes 
associated with the effect of NTIRE on blood flow. Our explanations 
for the difference between the T2W images of tissues treated with 
NTIRE in vivo and ex-vivo are supported by the histological analysis. 

Figures 3 and 4 show that PD and T2W sequences show similar 
qualitative effects of NTIRE. They both show hyperintense signal 
after in vivo NTIRE and isointense signal after ex vivo NTIRE. The 
strong signal of the in vivo NTIRE treated region is retained after the 
liver was excised, suggesting that the sequence does not show cell 
damage of the kind that PD MRI can detect. 

Figures 5 A-D GE images show a heterogeneous signature in the in 
vivo NTIRE treated volumes. Hypointense regions surrounded by 
hyperintense signals are seen in both in vivo and ex vivo taken 
sequences. Figure 5B, shows that the central part of the treated 
volume is hypointense due to hemorrhage. However, these mixed 
signals are not seen from the sites treated ex vivo. In particular, the 
hypointense signals indicating hemorrhages are missing. This may 
be explained by the lack of blood supply to the treated zone. 

SPAIR is a powerful technique for fat suppression. SPAIR plays an 
important role in liver lesions interpretation and is crucial for the 
depiction of edema and/or free fluid. As with the previous sequences 
T2 SPAIR shows hyperintense signal in the in vivo NTIRE treated 
zones, when imaged in vivo and ex vivo. In contrast an isointense 
signal is produced from the ex vivo NTIRE treated region. This con- 
firms, once again, the hypothesis that NTIRE imaging is related to 
local edema or fluid accumulation which does not occur in the 
absence of blood flow (i.e., ex vivo). 

Figures 7 A and 7C of in vivo NTIRE treated livers show images 
similar to those reported in previous studies 511 . They show accu- 
mulation of red blood cells in the treated region, in which the cells 
have pyknotic nuclei and therefore dead. The figures also show that 
while the sinusoids are occluded, the larger blood vessels are open. 



Focusing on larger blood vessels we notice that in the in vivo NTIRE 
treated region the accumulation of the red blood cells is not uniform 
through the treated volume. The highest concentration of red blood 
cells is found in the vicinity of the major blood vessels that are not 
occluded (arrows in Figures 7 A and 7C). This is probably caused by a 
balance between the higher pressure of the blood in the open large 
blood vessels and the increased resistances to blood flow through the 
damaged/occluded smaller vessels. 

The most striking difference in the histology of in vivo NTIRE 
treated tissues 7A and 7C from ex-vivo NTIRE treated tissue 7B 
and 7D is the red blood cells accumulation. It is evident that in the 
ex-vivo NTIRE treated tissues there is no red blood cells accumula- 
tion, even near large blood vessels in the treated volume (arrow in 
Figure 7B). Nevertheless the hepatocytes in the region adjacent to 
the large blood vessel are pyknotic, which indicates that the NTIRE 
treatment has ablated the cells. This may be explained by the cells 
still being intact by the time of electroporation. A comparison 
between histology of liver treated by NTIRE in vivo and ex vivo 
was not done before, to the best of our knowledge. The histology 
taken together with the various MR imaging sequences tentatively 
supports the idea that the enhancement seen in the MR images is 
related to the effect of NTIRE on blood flow. In the absence of 
blood flow no MR contrast is produced by NTIRE. The imaging 
equivalence of the accumulation of red blood cells seen in vivo 
histologically, is the enhancement seen in the MR images reflecting 
accumulation of the contrast agent. Similarly to the histological 
entrapment of the blood cells, the contrast agent is entrapped in 
the volume treated in vivo. The non-contrast agent dependent 
sequences show images that are also consistent with the histologi- 
cal observations. The enhanced signal is either due to accumulation 
of fluid or of blood. No contrast enhancement is seen in ex vivo 
NTIRE treated tissues. 

In the current study we showed that small vessel occlusion and 
accumulation of blood cells and fluid seen histologically in larger 
vessels may explain the enhancement seen on MR images after 
NTIRE with and without prior injection of contrast agents. The 
question of whether these results may be applied for monitoring 
NTIRE treatment in other organs is yet to be studied. Still, it is 
reasonable to assume that the effect of NTIRE on blood vessels does 
not depend on the tissue type, and therefore the effect of contrast 
entrapment in treated tissue, resulting in contrast-enhancement on 
T1W MR images, is expected to be reproduced also in other organs 
treated by NTIRE. Similarly, edema is depicted on T2W MR images 
as increased signal intensity in most organs and therefore, is expected 
to be reproduced as well following NTIRE. 

The results of volume calculation show that for the same voltage, 
the volumes of regions treated with plate electrodes (PE) were sig- 
nificantly larger (p < 0.0001) than the volume produced with needle 
electrodes (NE): 625.6 ± 30.0 versus 387.0 ± 9.0 respectively. The 
volumes produced using stronger electric fields (1500 V) were sig- 
nificantly larger (p < 0.0001) than those treated using a weaker field 
(1000 V): 1019.5 ± 46.0 versus 625.6 ± 30.0 respectively. This is as 
expected. However, it is interesting to note that the volumes calcu- 
lated from the images produced with the different MRI sequences of 
the same mode of administration of NTIRE were not significantly 
different, (p < 0.001) suggesting that they all represent the same 
physiological mechanism. 

In summary, in order to provide a fundamental understanding of 
the physiological significance of the NTIRE-induced MR effects, we 
compared the following MR sequences: T1W, T2W, PD, GE, and T2 
SPAIR acquired after NTIRE treatment in a rodent liver model. The 
parameters that were studied included the presence or absence of a 
Gd-based contrast agent, and in vivo and ex-vivo NTIRE treatments 
in the same liver. A most striking observation was that the same MRI 
sequences that showed changes in contrast at the treated site after 
NTIRE in vivo failed to show signal change at the treated site when 
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NTIRE was performed ex-vivo, within minutes after the excision of 
the organ. A comprehensive evaluation of the results suggests that all 
the MR sequences produce changes in contrast that are related to the 
unusual effect of NTIRE on blood vessels; in which smaller blood 
vessels are destroyed while larger blood vessels remain patent. The 
blood flow through the larger blood vessels causes accumulation of 
fluid and blood cells (and contrast agents) in the treated area. We 
tentatively suggest that this accumulation is what the MRI shows. It 
should be emphasized that the fact that blood accumulates in the 
NTIRE treated zone was observed in the past by us and by many 
others 101113 . The results further suggest the importance of under- 
standing the physiological significance of immediately or real-time 
medical imaging of NTIRE 26 ' 27 and the value of further advancing the 
understanding of how blood flow is related to tissue ablation by 
NTIRE. 

Methods 

All procedures complied with the National Institute of Health Guide for the care and 
use of Laboratory Animals and were approved by and performed in accordance with 
the guidelines of The Animal Care and Use Committee of the Sheba Medical Center, 
which is approved by the Israeli authorities for animal experimentation. 

Animal model. The study was performed using forty- two male Spring Dawley rats, 
weighing 300-324 grams at the day of the treatment, in groups as detailed later. 

Surgical procedure. Prior to the NTIRE procedure, the rats were anesthetized using 
ketamine and xylasine (40 mg/kg and 10 mg/kg, respectively). Once anesthetized, a 
transverse incision was made starting from the mid- sagittal position, approximately 
1 cm caudal to the xiphoid process, exposing the liver. The animals were under 
controlled anesthesia throughout the entire experiment until euthanasia. 

Experimental outline. The experiment was designed to permit comparison between 

images produced by various MRI sequences of rat livers treated with 

the NTIRE procedure in vivo and ex vivo with contrast agents injected at various 

times in relation to the performance of the procedure or without contrast 

injection. 

The general experimental outline was as following: a) Rats were anesthetized and 
the liver was exposed (but remained intact within the rat vasculature), b) NTIRE 
treatment was delivered to selected lobes of the liver, in vivo c) Various MRI 
sequences were acquired within two minutes from the NTIRE treatment, d) The liver 
was removed and NTIRE treatment was delivered ex-vivo to previously untreated 
lobes of the liver, e) the entire liver was imaged with the same MRI sequences as the in 
vivo NTIRE treated liver within two minutes after the ex-vivo NTIRE treatment, f) 
livers were sent for histology. 

Injection of contrast agent. Contrast agents were either: a) injected two minutes 
prior to the in vivo NTIRE treatment, b) injected 20 minutes after the NTIRE 
treatment, c) not injected. 

The rats were injected intraperitoneal (IP) with an MRI contrast agent, 600 ul/kg 
Gd-DOTA (DOTAREM, 0.5 mmol/mL, Guerbet, France). 

NTIRE treatment. Electroporation was performed using two electrode types, needle 
and plates (Figure 1). Figure 1 A shows two 25 G stainless steel needle electrodes, 
inserted vertical to the surface of the lobe into the liver tissue, 5 mm apart, resulting in 
a two-dimensional lesion. Figure 1 B shows two parallel stainless steel plate electrodes 
(5X6 mm) applied parallel to the surface of the lobe in such a way as to clamp a part 
of a liver lobe between the plates. The spacing between the plate electrodes was set to 
5 mm. The NTIRE parameters were chosen from the published literature so as to 
produce irreversible electroporation of a type that is visible with medical imaging and 
for which it is known that the MR image correlates well to tissue ablation 5 " 7,9,12 " 17 . 
Specifically, the NTIRE parameters used were either 1000 V on the energized 
electrode (2000 V/cm - voltage/distance between electrodes) or 1500 V on the 
energized electrode (3000 V/cm - voltage/distance between electrodes) 5 . The NTIRE 
treatment consisted of eight pulses of either 1000 V or 1500 V, each 100 jas long, 
delivered at a frequency of 4 Hz. The power supply was a commercial electroporator, 
BTX power supply (BTX 830; Harvard Apparatus, Holliston, MA), connected to the 
electrodes. 

MRI data acquisition and analysis. The rats were scanned under full anesthesia in a 
clinical GE 1.5 T MRI system (Optima MR450w, General Electric, Milwaukee) using 
the standard phased array human wrist coil. MR images were acquired with the 
following parameters: 14 slices of 2 mm thickness; Field of view: 80 X 80 mm; 
Reconstruction matrix of 512 X 512. The dimensions of the treated lesions were 
calculated from the MR images by plotting regions of interest over the entire lesion 
region in each slice, adding the number of pixels in each slice and multiplying by the 
volume of each pixel. The following MRI sequences were used in this study: T1W, 
T2W, PD, GRE and fat suppression sequences T2 Spectral Adiabatic Inversion 



Recovery (SPAIR). A listing of the MRI sequence parameters used is given in 
Table 1. 

The T1W image contrast depends on the spin longitudinal relaxation after RF 
excitation. Administration of gadolinium-based contrast agents enhances tissue 
image contrast by shortening Tl tissue relaxation times thus producing a stronger 
signal. In T2W imaging, the image contrast depends on spin transversal relaxation. 
Therefore tissues with a longer relaxation time, for instance water, produce a stronger 
signal. PD MR imaging sequences are usually used to depict pathology in a similar 
way to T2W. In a GE sequence, the data are sampled during a gradient echo which is 
one of the advantages of this sequence, allowing better sensitivity to subtle hemor- 
rhages. When using GE imaging sequences, hemorrhages are seen as hypointense 
regions. 

Histology. The liver lobes in which the NTIRE lesions were made were removed and 
stored in a 4% fixative solution. For microscopic analysis the tissue was bread loafed 
perpendicular to the lobe surface through the NTIRE treated lesion. The tissue 
samples were routinely processed from 10% Phosphate Buffered Formalin to wax 
blocks. Five-micrometer sections were made from each block and stained with 
Hematoxylin and Eosin for histological examination. The goal of the histological 
analysis was to compare the nature of tissue treated with NTIRE in vivo and ex vivo, in 
particular in relation to the vascular content and structure with emphasis on 
parameters affected by flow. Parameters to be studied are accumulation of red 
blood cells (and its uniformity) in the treated region, occluded versus open blood 
vessels and the histological appearance of the tissue in the vicinity of the patent blood 
vessels. 

Study groups. The study consisted of four groups of rats, all of which treated with 
needle and plate electrodes. Each rat underwent the following procedure: a) livers 
were surgically exposed, b) contrast agent was injected IP (as listed in Table 2), c) 
within two minutes selected lobes of the liver were treated in vivo with needle and 
plate electrodes with the treatment voltage listed in Table 2, d) within two minutes 
after NTIRE various MR images using various sequences were acquired, e) within 20 
minutes from the NTIRE treatment the livers were removed, f) within two minutes 
after removal the liver lobes were treated ex vivo with needle and plate electrodes with 
NTIRE- Protocol A, g) within two minutes after the ex vivo NTIRE the excised liver 
was imaged with various MR imaging sequences in such a way that the sites treated in 
vivo and ex-vivo were visible, h) the livers were fixated and sent for histological 
evaluation. The number of rats in each group and the specific treatment parameters 
are listed in Table 2. 
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